Abstract -Different aspects of soybean drying such as energy and exergy analyses, quality, mass transfer parameters, and modeling of drying kinetics were investigated in a microwave dryer. Results showed that energy and exergy efficiency increased with increasing microwave power, while values of energy efficiency (33.70 to 66.0%) were higher than exergy efficiency ( m/s, respectively. The activation energy was found to be 4.98 W/g for a diffusion model and 5.33 W/g for a mass transfer model. Among the models, the Page model was found to best describe the drying behavior of soybean.
INTRODUCTION
Soybeans are harvested typically at moisture contents in the range 25-33% wet basis. But for safe storage, it is necessary to have a moisture content of soybeans less than 10% wet basis according to the local climate conditions (Darvishi et al., 2014a) . Also, raw soybean cannot be consumed as human food or animal feed because of the presence of antinutritional substances, some of which may harm the consumer. In the treatment of raw soybeans after harvest, several methods are available such as cooking, roasting and drying (Gowen et al., 2008; Dondee et al., 2011; Pfeifer et al., 2010) .
The drying kinetics of food is a complex phe--nomenon and requires simple representations to predict the drying behavior, and for optimizing the drying parameters. Knowledge of both the moisture diffusivities and mass transfer coefficients for the various systems is essential, as more complex mathematical models and correlations which can provide a more in-depth understanding of the drying operations require data on specific mass transfer parameters (McMinn et al., 2003) . The moisture diffusion of a food material characterizes its intrinsic mass transport property of moisture, which includes molecular diffusion, liquid diffusion, vapour diffusion, surface diffusion, capillary flow, hydrodynamic flow and other possible mass transport mechanisms (Pathare and Sharma, 2006; Aboltins, 2013; Celma et al., 2012) .
Drying is the most energy intensive process in the food industry. Therefore, improving drying processes by reducing energy consumption and providing high quality with minimal increase in economic input has become the goal of modern drying (Doymaz, 2011; Darvishi et al., 2014a; Alibas, 2007) . In recent years, thermodynamic analyses, particularly exergy analyses, have appeared to be an essential tool for the system design, analyses and the optimization of thermal systems. From the thermodynamics point of view, exergy is defined as the maximum amount of work that can be produced by a system or a flow of matter or energy as it comes to equilibrium with a reference environment (Akpinar et al., 2006 , Prommas et al., 2012 .
Convective drying in hot air is still the most popular method applied to reduce the moisture content of fruits and vegetables. Nevertheless, this method has a number of disadvantages such as very long-lasting drying period, high energy consumption, contamination problems, low energy efficiency and high costs, which is not a desirable situation for the food industry (Alibas, 2007; Ozbek and Dadali, 2007, Al-Harahsheh et al., 2009) . The desire to reduce the above problems, as well as to achieve a fast and effective thermal process led to the use of microwave and dielectric heating methods for food drying (Bondaruk et al., 2007; Orsat et al., 2007) . Microwave drying has several advantages such as higher drying rate, shorter drying time, decreased energy consumption, and better quality of the dried products (Sarimeseli et al., 2011; Wang et al., 2007; Soysal et al., 2006) . Therefore, the objectives of this work were to (1) present energy and exergy analyses of microwave drying of soybean, (2) estimate the improvement potential of the microwave drying process, (3) calculate mass transfer parameters (moisture diffusivity, mass transfer coefficient, activation energy for diffusion and mass transfer models), (4) determine of the quality aspects (rehydration ratio, shrinkage, colour), and (5) to fit the experimental data to six thin-layer drying models and estimate the constants.
MATERIALS AND METHODS

Sample Preparation
Fresh soybean seeds used for the drying experiments were obtained from the Gorgan region of Iran. The soybean samples were cleaned in an air screen to remove all foreign material (dust, dirt, broken seeds) and stored at 4±0.5 °C before they were used in experiments. Soybean seeds had an initial moisture content of 24.5±0.2% wet basis (0.325±0.003 kg water kg dry matter), which was determined by oven drying at 103 ºC for 24 h (Darvishi et al., 2014b) .
Drying Details
The schematic diagram of the experimental apparatus is shown in Figure 1 . Drying studies were carried out with a domestic digital microwave oven (M945, Samsung Electronics Ins) with the technical feature of 230 V, 50 Hz and 1000 W. The oven is fitted with a controller to adjust the microwave output power and the time of processing. The dimensions of the inner cavity are 327×370×207 mm. The oven has a fan for air flow in the drying chamber and cooling of the magnetron. The moisture from the drying chamber was removed with this fan by passing it through the openings on the right side of the oven wall to the outer atmosphere. A digital analytical balance (GF-600, A & D, Japan) with accuracy of ±0.01 g was positioned on the top of the microwave oven for mass determination at an interval of 15 s. A sample tray in the microwave oven chamber was suspended on the balance with a nylon wire through a ventilation hole in the center of the chamber ceiling. About 105 g of the prepared samples were uniformly spread in a thin layer (thickness of layer ≈ 2 cm) on the tray and dried to around 0.1291±0.009 moisture content (kg water/kg dry matter). The moisture content calculation was based on the following equation (Usub et al., 2010) :
Temperature of sample was measured by IR temperature sensor (accuracy of ±1.5 ºC). At each drying microwave power, the experiments were replicated Brazilian Journal of Chemical Engineering Vol. 34, No. 01, pp. 143 -158, January -March, 2017 three times and the average values were used. The reference dead state conditions were considered as T0 = 20 ºC and P0= 101.325 kPa.
Energy Analyses
The energy conservation of the sensible heat, latent heat and source heat of microwave is written as (Jindarat et al., 2011) :
energy absorption latent heat energy of dry product energy of wet product wp w p dp p wp
Thermal drying efficiency is defined as the heat used to evaporate moisture from the samples divided by the heat input from the microwave source (Soysal et al., 2006) :
Specific heat capacity and latent heat of the sample were calculated according to the following equations (Hall, 1975; Sharqawy et al., 2010; Azadbakht et al., 2013; da Silve et al., 2012) :
where λw is obtained in kJ/kg when the temperaure is given in ºC. The specific energy loss is determined by (Darvishi et al., 2014a) :
The energy consumed for drying a kilogram of samples is calculated using Eq. (8):
Exergy Analyses
The general exergy balance in the drying chamber was expressed as follows:
exergyof dry product exergy of wet product evap dp wp
The rate of exergy transfer due to evaporation in the drying chamber was (Icier et al., 2008) :
The specific exergy of wet or dry product was determined using Eq. (11) as follows (Akpinar et al., 2006) :
The exergy efficiency of the dryer can be defined as the ratio of exergy output to exergy input, where the product is only the rate of exergy evaporation process and the electrical power is the rate of exergy input to the drying chamber. The exergy efficiency for any drying system is the ratio of exergy use (investment) in the drying of the product to exergy of the drying source supplied to the system (Dincer and Sahin, 2004) :
Exergy loss is determined by Eq. (13):
The rate form as given by Hammond and Stapleton (2001) was used to determine the exergetic improvement potential of the drying process. The exergetic improvement potential is expressed as:
Quality Aspects
Rehydration Ratio
Dried soybean seeds (5 g) were rehydrated at 25 ºC for 2 h by being immersed in 60 mL of distilled water. The rehydration ratio was described by:
Colour Measurement L (lightness), a (redness), b (yellowness) colour values of the fresh and dehydrated products were measured using a spectral photometer before and after drying. Total colour change and hue angle were calculated as follows:
Shrinkage
Shrinkage of bulk soybean is often represented by:
The bulk density is the ratio of the mass of a sample of a seed to its total volume and it was determined by filling the seeds in a cylinder of known volume (30 mm diameter and 60 mm height) and weighing on an electronic balance.
Drying Kinetics and Modeling
The change of moisture in soybean seeds during drying was expressed as the moisture ratio defined as:
The values of Me are relatively small compared to Mt and M0 (especially for microwave drying), hence the error involved in the simplification by assuming that Me is equal to zero is negligible. Six well-known thin-layer drying models in Table 1 were tested to select the best model for describing the drying curve of the soybean seeds. The non-linear regression analysis was performed using the SPSS.18 program and Microsoft Office 2003 Excel. Reduced chisquare ( 2  ), root mean square error (RMSE) and the coefficient of determination (R 2 ) were used as the primary criteria to select the best equation to account for variation in the drying curves of the dried samples. These parameters can be calculated as follows: 
where k is the drying constant (1/min) and a, b, n are equation constants
Mass Transfer Parameters
Moisture Diffusivity
The Fick's diffusion equation developed for solid objects with spherical geometry by Crank (1975) was applied to the experimental data on the assumption that there is a uniform initial moisture distribution and negligible external resistance. The equation is in the form (Duc et al., 2011) :
Simplifying by taking the first term of the series solution: Effective diffusivity is also typically calculated by using the slope of Eq. (24), namely, when a natural logarithm of MR versus time was plotted, a straight line was obtained with a slope of 2 em 2 D r  .
Mass Transfer Coefficient
Kaya et al. (2010) described a procedure to determine the mass transfer coefficient as follow:
For a symmetrically heated sphere, V/A is equal to the radius (Torki-Harchegani et al., 2014) , hence for the soybean seeds Eq. (25) can be simplified to:
Due to variation of time and Ln(MR) during the process, the average value of hm along the whole moisture content profile was calculated using the following expression:
Activation Energy
In this study, the Arrhenius equation was used in a modified form to illustrate the relationship between moisture diffusivity, mass transfer coefficient and ratio of the microwave output power density to sample amount instead of the temperature for calculation of the activation energy as the temperature is not a measurable variable in the standard microwave oven used for the drying process (Raquel et al., 2012; Torki-Harchegani et al., 2014) .
Experimental Uncertainty
Errors and uncertainties in the experiments can result from the environmental conditions, instrument selection, reading, calibration etc. In the present study, temperatures, air velocity, mass losses and times were measured with the appropriate instruments indicated before and total uncertainties for all these parameters were calculated using the method described by Akpinar and Bicer (2005) . The sensitivity of temperature sensors was ±1.5 °C, reading errors for temperature measurements were assumed as ±1.5 °C and errors due to transfer of the data to computer by a RS232 connection were ±1.5 °C. The sensitivity of the power analyzer used in measuring microwave power was ±0.1 W and the reading error was also assumed to be ±0.1 W. The sensitivity of the digital balance used in measuring mass losses and moisture of the sample was ±0.01 g and reading errors were ±0.01 g. The uncertainty caused from vibration of the timer was assumed to be ±0.02 s, errors from the periodic measuring was assumed to be ±0.1 s and the errors recording temperature data were ±0.1 s. The uncertainties involved in the measurement of parameters are presented in Table 2 . 
RESULTS AND DISCUSSION
Energy Aspects
Figure 2 shows the effect of microwave power on the energy aspects of soybean drying. Results showed that the increase in the microwave drying power decreased the specific energy consumption and consequently increased drying efficiency and decreased energy loss. This was because of the dramatic reduction in the drying time with increase in microwave power (Doymaz, 2011; Wang and Sheng, 2006; Alibas, 2007) . The values of specific energy consumption and drying efficiency of soybean seeds ranged from 9.11 to 4.93 MJ/kg water, and 33.70 to 66.0%, respectively (Figure 2 ). Specific energy loss varied from 8.89 to 5.04 MJ/kg water, which indicated that 67.4 to 86.1% of the energy given to the system was not used in drying the soybean samples (Figure 2 ). In the literature, although energy consumption for soybean seeds under fluidized bed and microwavefluidized bed drying was studied by Darvishi et al. (2014b) and Khoshtaghaza et al. (2014) , no mention was found about investigation of the energy consumption and drying efficiency for soybean seeds undergoing microwave treatment. Darvishi et al. (2014b) studied fluidized bed drying of soybean seeds and found that the specific energy consumption varied from 96.8 and 399.7 MJ/kg water for 140 ºC with 1.8 m/s and 80 ºC with 4.5 m/s air velocity, respectively. Khoshtaghaza et al. (2014) showed that the minimum energy required for microwave-fluidized bed drying of soybean kernels was 50.94 (MJ/kg water), which occurred at 500 W, 80 °C and 1.8 m/s, while the maximum energy requirement was 338.76 MJ/kg water observed at 200 W, 4.5 m/s and 100 °C. The values obtained in this present study, were lower than the values obtained by Darvishi et al. (2014b) and Khoshtaghaza et al. (2014) , because of the lower drying times required under microwave treatment. Figure 3 shows the average values (and percentage) of energy consumed in the sensible and evaporation (latent) periods of microwave drying of soybean seeds at different microwave powers. According to the results, approximately 11.27 to 14.45 kJ of the total energy input is consumed by increasing the product temperature (sensible heat). 
Exergy Aspects
According to the results in Figure 4 , the exergy efficiency increased with increasing microwave power. This can be explained by the fact that the surface moisture evaporates very quickly due to high heat and mass transfer coefficients at high microwave power, resulting in decreased drying time and consequently lower exergy consumption. The values of exergy efficiency for microwave drying of soybean studied were found to range between 23.38 -48.30%, while the energy efficiency (Figure 4 ) was higher for the same condition (P ≤ 0.05). These results were similar to the results of others (Darvishi et al., 2104a , Akpinar et al., 2006 Erbay and Icier, 2010) .
Results showed that the specific exergy loss decreased with increasing microwave power (Figure 4 ; P<0.05). The values changed between 6.99 MJ/kg water and 2.54 MJ/kg water evaporation. These results are in contrast to the findings of Darvishi et al. (2014a) for microwave drying of white mulberry. These situations can be explained by the effect of drying time. An analysis of variance showed that the effect of drying time on exergy loss is more the effect of microwave power (p≤0.05). The drying time is longer under low microwave power levels, hence results in an increase in exergy entering to the drying chamber. For this reason, it was observed that, as the microwave power decreased, the energy losses increased, in other words microwave exergy efficiency values decreased. The average values of specific improvement potential are presented in Figure 5 . As was expected, when the microwave power was increased, the exergy loss decreased, and the improvement potential 
Quality Aspects
The rehydration ratio of dried samples at 200-900 W varied in the range of 0.618 -0.799 and increased with increasing microwave power ( Table 3) . The rehydration ratio at high microwave power improves rehydration due to the effect of temperature on cell wall and tissue (Singh et al. 2006; Doymaz and Ismail 2011) . This can be explained by the high internal pressure produced by microwave heating, which can cause the structure of soybean seeds to expand. Also, Khoshtaghaza et al. (2014) reported that microwave heating had a significant effect on the rehydration ratio of soybeans (0.695 to 0.819), because the heat applied during drying increased both hydration of the starch and elasticity of the cell walls, thereby increasing the water-holding capacity. Table 3 shows the colour parameters for dried soybean seeds as a function of microwave drying power. An increase in ΔE was observed with drying power. The total color change falls within the range reported for fluidized bed drying of soybean (ΔE = 19.29-23.41) (Darvishi, 2013 ) but higher than that reported for near-infrared-fluidized bed dried soybean seeds (ΔE = 2.9-4.2) (Dondee et al., 2011) . Microwave drying pushes liquid onto the surface and the liquid is usually converted into vapour. This process results in drying without causing surface overheating phenomena. Therefore, in terms of surface colour degradation, preservation of the product colour was good. It is estimated that the products are subjected to high temperature with increasing power levels during microwave drying. Therefore, the product colour is adversely affected in the drying processes at very high microwave powers (Ozkan et al., 2007) .
The Hue angle values also increased from about 88.07 to 91.73 during drying processes (Table 3) . It suggested a reduction from a more green (when Hue > 90°) to an orange-red (when Hue < 90°) colour of the dried seeds (Waliszewski et al., 1999) . A larger value of the hue angle indicates a greater shift from red to yellow. Hawlader et al. (2006) stated that a decrease in hue angle values is an indication of more browning colour and a shifting away from yellowness, which is not the case in this study, where the values of hue angles increased with drying microwave powers, shifting towards yellow and red.
The variation of the bulk density at different microwave powers is illustrated in Figure 6 . They ranged from 726.6 to 762.8 kg/m 3 for dried soybean seeds and decreased with increasing microwave power. Also, bulk density values for dried soybean were lower than the fresh soybean (783.4 kg/m 3 ). The shrinkage varied from 0.860 to 0.948 over the microwave power range (Table 3) . Shrinkage decreased with increasing microwave power. During the drying process, water escapes the cell, causing a decrease in tension that the liquid exerts against the cell wall. This decrease in tension causes shrinkage of the materials (Hashemi et al., 2009; Janjai et al., 2010) . Also, Mayor and Sereno (2004) reported that heating and loss of water cause stresses in the cellular structure of the food and this leads to changes in shape and a decrease in dimensions. 
Drying Kinetics and Modeling
The changes in the moisture ratio of soybean with drying time are shown in Figure 7 . It is clear that the moisture content decreases continuously with drying time. The moisture content of the samples was very high during the initial phase of the drying, which resulted in a higher absorption of microwave power and higher drying rates due to the higher moisture diffusion. As the drying progressed, the loss of moisture in the product caused a decrease in the absorption of microwave power and resulted in a fall in the drying rate. Higher drying rates were obtained at higher microwave output powers. In other words, as the microwave output power was increased, the drying time of samples was significantly decreased (P≤0.05). Examination of Figure 8 reveals that, in general, two distinct periods are identifiable, namely warming-up and falling rate periods. The initial short warming-up stage corresponds to sample heating, and consequently to non-isothermal drying conditions, this followed by a falling rate period. The presence of falling-rate drying behavior is indicative of a progressive increase in the internal resistance to both heat and mass transfer. This arises as a direct consequence of the absence of a complete surface of water. Rather, moisture movement from the interior to the surface must occur prior to surface evaporation. The drying time requirement at 200, 300, 400, 500, and 600 W was 10.5, 6.5, 3.25, 2.5 and 2 min respectively. By working at 600W instead of 200 W, the drying time was shortened by 81%. The drying time obtained in the present study was extremely low compared to the results obtained by Darvishi et al. (2014b) for fluidized bed drying of soybean (50-380 min), Dondee et al. (2011) for infrared-fluidized-bed drying (≥120 min), Darvishi et al. (2014b) n 0.0782 0.011P 1.47 10 P R 0.904 Figure 9 compares the experimental data with the predicted ones using the Page model for soybean samples. The prediction using the Page model showed MR values distributed along a straight line, which proved the suitability of this model in describing the drying characteristics of soybean samples. Table 4 : Statistical analysis of the models fitted to the drying data for microwave drying soybean seeds. 
Figure 9:
Comparison between experimental and predicted moisture ratios using Page's model.
Moisture Diffusivity and Mass Transfer Coefficient
According to the results in Figure 10 , the microwave power level had a significant effect on the moisture diffusivity of the soybean seeds, as expected (P<0.05). Effective diffusivity varied from 1.99×10 −9
to 12.25×10 −9 m 2 /s and increased greatly with increasing microwave power. This might be explained by the increased heating energy, which would increase the activity of the water molecules, leading to higher moisture diffusivity when samples were dried at higher microwave power. These values fell within the normally expected range of Dem (10 /s for microwave drying of millet (Radhika et al., 2013) . The values obtained in this study are higher than those found by Darvishi et al. (2014b) and Khoshtaghaza et al. (20114) for the fluidized bed and microwave-fluidized bed drying of soybean, respectively. This is due to the fact that drying by microwave power, which leads to higher temperatures, implied a larger driving force for heat transfer, as compared with fluidized bed or microwave-fluidized bed drying. In other words, in microwave drying, the volumetric heat generation in the wet sample due to the directly transmitted and absorbed energy by the water molecules results in higher interior temperatures and increase the activity of water molecules, thus reaching the boiling point of water substantially faster than would be possible in convective drying. The rate of Dliquid/Dvapor was given as 1/10,000 by Reid et al. (1987) . This value is important for the use of microwave dryers in the food industry and explains the higher total diffusivity obtained in this study at lower moisture content compared to the results obtained in fluidized bed drying. In the case of fluidized bed drying, the moisture is in liquid phase form in capillary vessels of seeds. All capillary vessels in seeds have different widths. The vapor occurring on the water surface in these capillary vessels is transported from the water surface to the fruit surface during drying. The vapor transport velocity in a narrow capillary vessel is higher than in a wide capillary vessel. Therefore, in the case of fluidized bed drying, water crosses between two different width capillary vessels. But, in the microwave drying, the amount of water crossing between vessels is lower than in fluidized bed drying. Since a material is heated intensely, the temperature gradient in the material is formed within a short period and vapor transportation in all different width vessels is higher than water crossing between capillary vessels (Caglar et al., 2009) . −6 m/s at 600 W. It is apparent that hm increased with the increase in microwave power. When samples were dried at higher power, increased heating energy would increase the activity of water molecules, resulting in a higher mass transfer rate (Thuwapanichayanan et al., 2011; Rhim and Lee, 2011) . Additionally, these values are comparable to 5.13×10 -7 to 27.8×10 -6 m/s for drying of pumpkin (Raquel et al., 2012); 16.1x10 -9 m/s for drying of okra (Dincer and Hussain, 2002), 20.9×10 -7 to 32.8×10 -6 m/s for drying potato slabs (McMinn et al., 2003) , and 9.2×10 -8 to 26.4 ×10 -8 m/s for drying of banana (Queiroz and Nebra, 2001 ).
Activation Energy
The functions expressing the variations of Dm and hm versus the mass of sample/power [m0/P] are presented in Figures 12-13 . The activation energy values were found to be 4.98 W/g for the diffusion model and 5.33 W/g for the mass transfer model. These results indicate that the activation energy for the mass transfer model is higher than that for the diffusion model. These values are comparable to 13.6 W/g for pandanus leaves (Rayaguru and Routray, 2011) , 14.19 W/g for pepper (Darvishi et al., 2014c) 5.54 W/g for okra , 12.284 W/g for mint leaves (Ozbek and Dadali, 2007) , and 3.986 W/g for white mulberry (Darvishi et al., 2014a) . The lower activation energy translates to higher moisture diffusivity or mass transfer coefficient in the drying process (Sharma and Prasad, 2004) . 
CONCLUSIONS
Moisture content of soybean kernel at harvest time is too high for storage, and needs to be reduced. In this research, energy and exergy analyses of drying characteristics, quality and mass transfer parameters for microwave drying of soybean seeds were studied and the process was modeled. Results showed that values of the energy efficiency (33.70 to 66.0%) were higher than exergy efficiency (23.38 -48.30%). The values of specific energy consumption and improvement potential varied from 4.93 to 9.11 MJ/kg water, and 1.31 to 5.35 MJ/kg water, respectively. Increasing the microwave power decreases both the shrinkage and bulk density of soybean. Colour analysis showed that the values of the parameters ΔE and h increased with microwave power, shifting it towards yellow and red. The highest rehydration capacity (0.799) was recorded for the samples dried at 600 W and the lowest (0.618) at 200 W. The moisture diffusivity and mass transfer coefficient varied from 1.99×10 −6 to 19.98×10 −6 m/s, respectively. The activation energy was found to be 4.98 W/g and 5.33 W/g for the diffusion and mass transfer models, respectively. It is expected that this research will help growers reduce the cost of drying and obtain better quality dried soybeans. They are also usable in dryer design for scale up work. 
